Thin films of SiO 2 -TiO 2 composite oxides with various SiO 2 :TiO 2 compositions were prepared by the sol-gel method, using tetraethylorthosilicate (TEOS) and titanium tetraisopropoxide (TTIP) as precursors. The composition, crystal structure, and chemical bonding configuration of the as-deposited and annealed SiO 2 -TiO 2 thin films were analyzed using Rutherford backscattering spectrometry (RBS), glancing incident angle x-ray diffraction (GIAXRD) and Fourier transform infrared spectroscopy (FTIR), respectively. Optical properties of the films were characterized by spectroscopic ellipsometry and ultraviolet-visible spectrophotometry. The Si/Ti ratios in the SiO 2 -TiO 2 films agree with the TEOS/TTIP molar ratio in the sol-gel precursor. When the TEOS/(TEOS + TTIP) ratio is greater than 40%, the SiO 2 -TiO 2 thin films remain amorphous (without formation of TiO 2 crystalline phase) after annealing at temperatures as high as 700°C. FTIR spectra indicate that the quantity of Si-O-Ti bonding can be maximized when the TEOS:TTIP in the precursor is 80%:20%. The refractive index of the SiO 2 -TiO 2 films increases approximately linearly to the mixing ratio of TTIP/(TEOS + TTIP). However, SiO 2 -rich films possess higher ultraviolet-visible transmittance than the TiO 2 -rich films. The modification of microstructure and chemical bonding configuration in the SiO 2 -TiO 2 films by the composition and its influence on the optical properties are discussed.
I. INTRODUCTION
Modulation of the refractive index of optical thin films has been the subject of research for various optical applications, such as waveguides in bio-sensing techniques, 1 optical fibers, 2 and photonic crystals. 3 The most common approach to this subject is the mixing of two different materials with high and low refractive indices to yield composite films with an intermediate index. As a consequence, the refractive index will be derived from their composition and phase transition of the composite film.
It is imperative to have intermediate indices over a range as large as possible and continuously if possible. SiO 2 and TiO 2 are commonly used as low-and highindex materials, respectively. It is expected that SiO 2 -TiO 2 composite films will have a wide range of refractive indices, from approximately 1.45 to 2.55 at visible and near-infrared wavelengths. [4] [5] [6] Since the structure of composite films are dependent on their chemical composition, it is necessary to tailor the composition during the deposition process. For example, as-deposited TiO 2 films are generally amorphous. The amorphous TiO 2 film crystallizes into anatase structure at around 350 o C and the anatase-rutile transformation occurs at high temperatures of 600-900 o C. 7 Addition of SiO 2 into TiO 2 films is reported to retard crystallization. 8 It is noted that crystallization of TiO 2 in the composite films will lead the TiO 2 phase to segregate from the SiO 2 phase. Accordingly, the resultant inhomogeneous structure can cause considerable scattering of light. 9 Sol-gel synthesis can easily modulate the composition of materials with excellent chemical uniformity and desirable optical properties. 10, 11 It has been applied to fabricate SiO 2 -TiO 2 films [11] [12] [13] [14] [15] [16] but for a limited range of SiO 2 :TiO 2 composition. In this study, thin films of SiO 2 -TiO 2 composite oxides with full-range SiO 2 :TiO 2 composition, from 100% SiO 2 to 100% TiO 2 , were prepared by a sol-gel-derived method using tetraethylorthosilicate (TEOS) and titanium tetraisopropoxide (TTIP) as precursors. By varying the TEOS/TTIP mixing ratios in our study, it will be possible to modulate the composition of SiO 2 -TiO 2 films. The crystallization behavior of SiO 2 -TiO 2 composite films annealed at various temperatures was investigated as a function of the TEOS/TTIP mixing ratio. The changes in the chemical bonding configurations, refractive indices, and optical transmittance are also addressed here.
II. EXPERIMENTAL
Pure SiO 2 , SiO 2 -TiO 2 , and pure TiO 2 thin films were prepared by using a sol-gel process in combination with the spin-coating method. TEOS [Si(OC 2 H 5 ) 4 ] and TTIP [Ti(O-i-C 3 H 7 ) 4 ] were used as precursors for SiO 2 and TiO 2 , respectively. TEOS and TTIP were dissolved in absolute ethanol separately to form two pre-solutions. For pure SiO 2 , TEOS was first mixed with absolute ethanol with a molar ratio of 1:4, hydrolyzed by adding 0.1 N HCl to adjust the water to alkoxy molar ratio to 2:1, and then stirred with a magnetic stirrer for 2 h at room temperature. For pure TiO 2 , TTIP (7 ml) was hydrolyzed in absolute ethanol (60 ml) by adding a few drops of concentrated HNO 3 and stirring for 30 min. The two presolutions were mixed with various TEOS/TTIP molar ratios ‫ס(‬ 100/0, 80/20, 60/40, 40/60, 20/80, 0/100) and stirred for 1 h. In the following sections, the letter "S" will denote TEOS while the letter "T" will denote TTIP. For example, 80%S-20%T represents the mixing TEOS/ TTIP molar ratio of 80/20. The mixed solutions were aged for 2 days and then were spin-coated on cleaned silicon and glass (Corning 1737 F, Corning Inc., USA) substrates. After spin coating, the films were baked at 60 o C for 5 min. Finally, the coatings were annealed in flowing (100 sccm) O 2 ambient at 500, 600, 700, or 800 o C for 30 min. The crystal structure was examined by glancing incident angle x-ray diffractometer (GIAXRD; Rigaku DMAX 2500, Japan). Film thicknesses of SiO 2 -TiO 2 samples before and after annealing were characterized by scanning electron microscope (SEM; Philips XL-40FEG, The Netherlands). Composition and density of SiO 2 -TiO 2 films were analyzed with Rutherford backscattering spectrometry (RBS) with 2 MeV He + ion beams, and the scattering angle of detected particles is 160 o . Refractive index and porosity of SiO 2 -TiO 2 films were determined using a spectroscopic ellipsometer (J.A. Woollam Co. M2000D). Chemical bonding configurations of SiO 2 -TiO 2 before and after annealing were examined using Fourier transform infrared spectroscopy (FTIR; Jasco 460, UK). FTIR spectra were recorded from 4000 to 400 cm −1 in the transmission mode. The transmittance of the SiO 2 -TiO 2 films deposited on glass substrates was investigated by an ultraviolet-visible (UV-vis) spectrophotometer (Hitachi U-2001, Japan) at wavelengths ranging from 300 to 1100 nm.
III. RESULTS AND DISCUSSION
A. Composition and crystal structure RBS was used to quantitatively examine the Si/Ti ratio, atomic density, and mass density of sol-gel SiO 2 -TiO 2 films, and the results are listed in Table I . All films for RBS analysis were deposited on Si substrate and about 350 nm thick as spun. The atomic composition (Si:Ti:O) was determined from the integrated counts of He ions backscattered from the Si, Ti, and O atoms and their scattering cross sections. Film density was derived from the density of atoms per unit area, which is obtained from the energy width of the backscattering signals. The scattering and stopping cross sections of Si, Ti, and O were taken from Ref. 17 .
It was found that the Si/Ti ratios in the films are very close to the molar ratio of TEOS to TTIP solutions when the TTIP content is equal to or less than 40%. However, with high TTIP content (60% or 80%), the Si/Ti ratio in the SiO 2 -TiO 2 films is larger than the TEOS/TTIP mixing ratio. The slight difference between the Si/Ti ratio in the SiO 2 -TiO 2 films and the TEOS/TTIP mixing ratio may be attributed to the nucleation and precipitation of TiO 2 due to the faster hydrolysis rate of TTIP than that of TEOS. Consequently, the Ti concentration in the solution is a little less than the initial TTIP mixing ratio, and the resulting film will be slightly Ti-deficient.
In addition, Table I also indicates that the mass and atomic densities of SiO 2 -TiO 2 films are apparently lower than the compositional combination of pure, defect-free SiO 2 and TiO 2 , which should be attributed to the porous nature of sol-gel films. As the TTIP content increases, the mass and atomic densities of the SiO 2 -TiO 2 films generally increase. However, it was observed that the 80%S-20%T film exhibits a density higher than that of the 60%S-40%T film, presumably due to the greater number , respectively.
L-L. Yang et al.:
Compositional tailored sol-gel SiO 2 -TiO 2 thin films: Crystallization, chemical bonding configuration, and optical properties of Si-O-Si and Si-O-Ti bondings, as well as its substantially low porosity, which will be discussed later. As a result of the RBS analysis, the sol-gel process combined with spin-coating technique provides a feasible way to fabricate SiO 2 -TiO 2 composite films with controlled compositions. Table II shows the composition, mass density, and atomic density of 80%S-20%T and 20%S-80%T films before and after annealing at 700 o C in oxygen for 30 min. The mass density and atomic density increase after annealing. This agrees well with the general observation that the sol-gel films will become denser after thermal treatment. [18] [19] [20] The Si:Ti ratio remains constant upon annealing. However, the densities of 80%S-20%T and 20%S-80%T films are still lower than the value calculated by the molar fraction average of densities of SiO 2 and TiO 2 . On the other hand, more oxygen atoms are incorporated in the SiO 2 -TiO 2 films after annealing in O 2 ambient, and it results in an over-stoichiometric film with excess oxygen (being x in the Si
To examine the crystalline phase and structure of SiO 2 -TiO 2 films of various compositions, Fig. 1 shows GIAXRD patterns of SiO 2 -TiO 2 films after annealing at 700 o C. GIAXRD patterns of as-deposited films are not shown because they do not reveal any peak, indicating that all as-deposited films are amorphous. One can see that the anatase structure (Tetragonal, ICDD-PDF 21-1272) 21 is observed in the 700 o C annealed pure TiO 2 film (the 100%T sample). However, when 20% of TEOS is added, the 20%S-80%T film reveals only the (101) TiO 2 diffraction peak. The intensity of the (101) TiO 2 diffraction peak is attenuated with increasing TEOS content, and it becomes rather weak for the 60%S-40%T sample. As the content of TEOS reaches 80%, the GIAXRD pattern indicates that the SiO 2 -TiO 2 film preserve a completely amorphous structure even after annealing at 700 o C. The GIAXRD result agrees with the literature that TiO 2 would precipitate out from the SiO 2 -TiO 2 composite when the Ti/(Si + Ti) concentration exceeds 40% because the 4-fold coordination of Ti will transform to 6-fold coordination upon high-temperature annealing. 22 The sol-gel SiO 2 -TiO 2 films of various compositions all exhibit smooth and continuous morphology, with uniform thickness when observed by SEM. Typical crosssectional SEM images of the sol-gel films are shown in Fig. 2(b) shows that the film remains uniform but shrinks in thickness to ∼320 nm. The reduction of film thickness after annealing agrees with the increase of density as revealed by RBS analysis (see Table II ). Figure 3 shows FTIR spectra of pure SiO 2 and TiO 2 sol-gel thin films before and after annealing at various temperatures. The characteristic absorption bands in the pure SiO 2 film, as shown in Fig. 3(a) , include two strong absorption features. One is around 450 cm −1 , which is assigned to the out-of-plane rocking mode of Si-O-Si bonds (denoted by Si-O-Si r ), and the other is around 1070 cm −1 , which is assigned to the asymmetric stretching mode of Si-O-Si bonds (denoted by Si-O-Si as ). 23 TABLE II. Composition, mass density, and atomic density of 80%S-20%T and 20%S-80%T films, before and after annealing at 700°C in oxygen ambient for 30 min. The shoulder at about 1200 cm −1 is attributed to the transverse optical mode of the asymmetric stretching of Si-O-Si bonds. 24 In addition, a band around 800 cm −1 is due to the symmetric stretching motion of oxygen atoms parallel to Si-O-Si bonds 23 (denoted by Si-O-Si s ). As the annealing temperature increases, the intensity of absorption peaks pertaining to Si-O-Si bonds (Si-O-Si r , Si-O-Si as , and Si-O-Si s ) increases. On the other hand, the band at 1620 cm −1 , which is attributed to the adsorbed water, 25 is no longer observed after annealing the SiO 2 film. Moreover, the band at 934 cm −1 in the spectrum of as-deposited pure SiO 2 is attributed to the stretching mode of Si-OH or SiO − groups, 26 which is in association with the band at 1620 cm −1 and also disappears in the spectra of annealed samples. Figure 3(b) shows the FTIR spectra of pure TiO 2 thin film, before and after annealing at various temperatures. The band at 430 cm −1 is attributed to Ti-O bonds in TiO 2 crystalline structures (denoted by Ti-O c ). 27 An absorption band is observed at 1107 cm −1 for pure TiO 2 thin films. The band is relevant to the concentration of interstitial oxygen in the Czochralski Si substrate (denoted by Si-O i -Si). 28 This peak is attributed to the difference of dissolved interstitial oxygen between measured and referenced substrates and thus is not associated with the film. After annealing, the band at 430 cm −1 becomes more significant due to the more complete crystallization of TiO 2 phase. As a result, the Ti-O c band can also be an indication of the phase separation of crystalline TiO 2 from the amorphous matrix. Figure 4 displays the FTIR spectra of SiO 2 -TiO 2 films of four different compositions, before and after annealing at various temperatures. The band at 1620 cm −1 , pertaining to the adsorbed water, is observed in the spectra of as-deposited films only. Another band at 934 cm −1 , which is associated with Si-OH, is not clearly seen because it is superimposed with absorption band of Si-OTi bonds at 940 cm −1 (this will be discussed next). However, the absorption band at 1620 cm −1 clearly indicates that all as-deposited SiO 2 -TiO 2 films contain moisture, and the moisture evaporates upon annealing.
B. Bonding configurations
For SiO 2 -TiO 2 thin films with high SiO 2 content (the 80%S-20%T sample), the band near 940 cm −1 is assigned to Si-O-Ti stretching (denoted by Si-O-Ti s ), 29 as shown in Fig. 4(a) . The band about 940 cm −1 may also have contribution from the Si-OH or SiO − groups (with absorption band at 934 cm −1 ). Because of the resolution limit of the instrument, the FTIR absorption peaks are quite broad. We therefore did not deconvolute the band at about 940 cm −1 in Fig. 4 into two bands. However, the FTIR spectra of 100%S [ Fig. 3(a) ] indicate that the Si-OH (or SiO − groups) band disappears after annealing the sample at 500°C and above, together with the disappearance of the absorption band at 1620 cm −1 (pertaining to the adsorbed water). The absorption band at 1620 cm −1 is observed in neither of the spectra of annealed SiO 2 -TiO 2 composite films (see Fig. 4 ). Therefore, we suggest that the absorption band about 940 cm −1 in the as-deposited SiO 2 -TiO 2 composite films would be attributed to both Si-O-Ti bonds and Si-OH (or SiO − groups). The absorption peak at of 940 cm −1 of the annealed SiO 2 -TiO 2 samples will then be referred to Si-O-Ti bonds. Because of the charge compensation effect, Si-O-Ti and Ti-O-Ti bonds can provide the non-network oxygen to coordinate the doped rare-earth (e.g., Er, Nd) ions and become active optical centers for optical amplification purpose. 30, 31 However, the Ti-O-Ti bonds will also cause attenuation of light intensity during transmission and induce the phase separation of SiO 2 -TiO 2 films that will degrade the optical properties. Therefore, formation of Si-O-Ti bonds is favorable for photosensitivity and optical amplification. have examined the chemical structure of sol-gel synthesized SiO 2 -TiO 2 films with 0-30% TiO 2 using x-ray photoelectron spectrometry (XPS). 32 They also reported that the Si-O-Ti bonds will reach the maximum when the TiO 2 content is about 20%. The presence of Si-O-Ti s bonds also implies a single phase with homogeneous mixtures of Ti, Si, and O (i.e., no phase separation of SiO 2 and TiO 2 ). 29 The decrease of the Si-O-Ti s peak intensity at high TiO 2 content suggests the clustering of TiO 2 and phase separation, which agrees with the limit solid solubility of TiO 2 (10.8 wt%) in bulk SiO 2 , as reported by Evans. for Ti-O c overlap and are difficult to separate. However, the peak around 450-430 cm −1 in the spectra of the 80%S-20%T film [ Fig. 4(a) ] is similar to that of pure SiO 2 film [ Fig. 3(a) ]. The similarity suggests that the main component in the peak at 450-430 cm −1 of the 80%S-20%T film is associated with Si-O-Si bonds. In contrary, for the 20%S-80%T film [ Fig. 4(d) (Fig. 1) .
From Figs. 3 and 4, we can see that after annealing, the most visible difference on the FTIR absorption spectra of the SiO 2 -TiO 2 films is the disappearance of bands at 1620 cm −1 (absorbed water) and 934 cm −1 (referred to Si-OH or SiO − groups). This indicates that the asdeposited films possess a porous structure, which will absorb moisture easily. It is in accordance with the lowdensity character revealed by RBS (Table I ) and the high porosity observed by ellipsometry (will show later). Another significant change in FTIR spectra upon annealing is the Ti-O-Ti absorption band of crystalline TiO 2 (at 430 cm −1 , denoted by Ti-O c ) for the pure TiO 2 films [ Fig. 3(b) ]. This peak becomes evident after annealing at 500°C and its intensity increases with increasing annealing temperature. However, the Ti-O c band of TiO 2 -rich (40%S-60%T and 20%S-80%T) films will not be noticeable until annealing at 700 or 800°C [Figs. 3(c) and 3(d)]. Hence, the crystallization of TiO 2 can be realized upon annealing at 500°C in pure TiO 2 , but it becomes rather difficult once the TiO 2 is mixed with SiO 2 .
On the other hand, the main characteristic bands pertaining to Si-O-Si bonds (at 450 and 1070 cm −1 , denoted by Si-O-Si r and Si-O-Si as , respectively) do not differ much before and after annealing at 500-700°C for pure SiO 2 and SiO 2 -rich (80%S-20%T) films [see Figs. 3(a) and 4(a)]. The peaks are slightly deeper in the spectra of 800°C annealed samples. However, the peak intensity of these two bands becomes temperature dependent for the 60%S-40%T film [ Fig. 4(b) ]. Accordingly, the Si-O-Si bonding structure forms easily by sol-gel process when the SiO 2 content is rich. With significant addition of TiO 2 (40 mol% in the current case), the formation of Si-O-Si bonds will be disturbed and heat treatment becomes necessary for constructing the Si-O-Si bonding structure.
Finally, the absorption band of Si-O-Ti bonding (at 940 cm −1 , denoted by Si-O-Ti s ) observed in the 80%S-20%T and 60%S-40%T films does not change its intensity appreciably upon annealing. Formation of the Si-OTi bonding structure therefore depends more on the composition (SiO 2 :TiO 2 ratio) but less on the annealing treatment.
C. Optical properties
Following the principle of total internal reflection, the waveguide layer needs to be a high refractive index material relative to its surroundings to minimize the optical loss. Pores in a waveguide are unfavorable because they will reduce the refraction index and scatter the propagating light. The refraction index and porosity of sol-gel SiO 2 -TiO 2 thin films were characterized by spectroscopic ellipsometry. The Bruggeman effective medium approximation (EMA) model is applied to fit the ellipsometry data. 34 The SiO 2 /TiO 2 ratio and the thickness of films, which are fitting parameters in EMA model, are obtained from RBS and SEM results, respectively. In addition, the EMA model counts the percentage of voids (with n ‫ס‬ 1, k ‫ס‬ 0) which will perfect the fitting. The EMA model with voids is being used only to modulate the refractive index and has nothing to do with whether there are any physical voids in the film or not. These "voids" may be associated with the density (loose or dense structure) and stoichiometry of films. To simplify the notation, we shall henceforth use "porosity" to indicate the percentage of voids calculated from the EMA model. Table III summarizes the porosity and refractive indices (at ‫ס‬ 632.8 nm) of SiO 2 -TiO 2 composite films, as deposited and after annealing at 700°C, derived from ellipsometry measurement. It is clear that sol-gel synthesized SiO 2 -TiO 2 films exhibit a rather high porosity as deposited, except for the 100%S and 80%S-20%T films. After annealing at 700 o C, the porosity of all SiO 2 -TiO 2 films decreases substantially, in company with increase of refractive indices. Reduction of porosity upon annealing agrees well with the shrinkage of film thickness observed from SEM micrographs (Fig. 2) . The porosity of the as-deposited films increases roughly with increasing TiO 2 concentration. The fast hydrolysis rate of TTIP should lead to the increase of porosity in the TiO 2 containing films. For that reason, the refractive index of the SiO 2 -TiO 2 film cannot be efficiently increased by simply increasing the TTIP ratio in the sol-gel precursor solution. The extremely high porosity value of 100%T (up to 32%) had also been reported by Mosaddeq-ur-Rahman et al. for sol-gel derived TiO 2 film fabricated by using dipcoating technique. 35 The refractive indices of the SiO 2 -TiO 2 films vary approximately linearly with TTIP/(TEOS + TTIP) ratio, as shown in Fig. 5 . The slope of the linear regression line rises significantly once the films are annealed because of the reduction of film porosity, particularly for the TiO 2 -rich films. In addition, the line slope increases slightly with increasing annealing temperature. As a result, after heat treatment at 700°C, we can obtain SiO 2 -TiO 2 films with a wide range of refractive index (from 1.44 to 2.23), suggesting that the control of the refractive index can be realized. Additionally, the 80%S-20%T film exhibits a rather low porosity (only 0.83%) after annealing, which is advantageous for optical amplifier application since the pores will become quenching sites and reduce the amplification effect. 36 In addition to high refractive index, waveguide layers need to possess high transmittance at specific wavelengths for optical communication application. A clean and uncoated glass substrate was used as the reference when measuring transmittance. Both reference (uncoated glass substrate) and sample (glass substrate with coated film) were measured simultaneously, and transmittance of reference substrate is subtracted. By this way, the transmittance spectrum of the film is obtained. Figures  6(a) and 6(b) show the comparison of UV-vis (300-1100 nm) transmittance of SiO 2 -TiO 2 films with various compositions, before and after annealing at 700 o C. The transmittance curve of 700 o C annealed 100%S film is not shown in Fig. 6(b) because the 100%S film deposited on glass substrate cracks after annealing. From Fig. 6 , one can see that the transmittance of the as-deposited films is higher than that of the annealed ones, and TiO 2 -rich films generally exhibit lower transmittance. The reduction of transmittance after annealing is probably due to the fact that precipitation of TiO 2 crystalline phase, as revealed by the GIAXRD analysis (Fig. 1 ), which will increase light scattering and thus reduce the optical transmittance. 37, 38 The attenuated transmittance of asdeposited TiO 2 -rich films is also attributed to their high porosity (see Table III ), which will also increase light scattering. In contrast, the 80%S-20%T thin films can keep high transmittance (above 95%) upon annealing at temperature as high as 700 o C, which can be attributed to its phase homogeneity and low porosity. This will be a beneficial provision for optical wave transmission. Figure 7 shows the transmittance (at ‫ס‬ 632.8 nm) of SiO 2 -TiO 2 films, as deposited and after annealing at various temperatures, as a function of solution composition. From Figs. 5 and 7, one can realize that annealing at higher temperature leads to a higher refractive index but a lower transmittance. However, annealing at different temperature (500, 600, and 700°C) results only in minute difference in the refractive index and transmittance for the films. The increase in refractive index and reduction of transmittance by annealing is more significant for the higher TiO 2 content films. Therefore, high refractive index and high transmittance cannot be fulfilled simultaneously.
In general, annealing will broaden the range of refractive indices for the SiO 2 -TiO 2 films. High TiO 2 -content films (20%S-80%T and 100%T) exhibit a significant increase in refractive index after annealing but they also suffer from the low transmittance (<90%). If high transmittance and high refractive index are both required, the composition and annealing temperature of the SiO 2 -TiO 2 films must be carefully selected. According to Figs. 5 and 7, sol-gel prepared SiO 2 -TiO 2 films can possess a refractive index in the range of 1.43-2.00 and concurrently exhibit a transmittance of 90% or higher.
IV. CONCLUSIONS
In this work, continuous and uniform SiO 2 -TiO 2 composite films have been successfully prepared by sol-gel technology. The film composition can be controlled so that the refractive index is tunable. Ellipsometry analysis reveals that porosity of these sol-gel derived films can be effectively reduced by heat treatment at 700 o C. The film of nearly 80%SiO 2 -20%TiO 2 contains the largest quantity of Si-O-Ti bondings, as compared to the films of other compositions. A high quantity of Si-O-Ti bondings suggests the most homogeneous mixing among Si, Ti, and O atoms, which prevents phase separation and leads to a substantially low porosity after heat treatment. Moreover, the refractive index of the 80%SiO 2 -20%TiO 2 film is 1.62 (higher than n SiO 2 ‫ס‬ 1.44) and its UV-vis transmittance stays above 95% even after annealing at 700 o C. In conclusion, the compositional tailored, sol-gel-derived SiO 2 -TiO 2 films are highly potential for optical waveguide applications.
